Differences in morningness-eveningness among humans are commonly ascribed to circadian parameters, such as circadian period and responsivity to environmental time cues, as well as homeostatic sleep drive. Light is the primary synchronizer of the human biological clock, and if circadian differences exist between morning and evening types, they should have different phase angles of entrainment to the light/dark cycle; that is, morning and evening types should have different patterns of light exposure relative to endogenous circadian phase (ECP). When phase angle of entrainment is strictly defined as the relationship between a marker of ECP and the timing of light exposure, such differences have been demonstrated in the laboratory under controlled light/dark cycles and have recently been shown under conditions of spring and summer light exposure outside the laboratory, taking into account the variable intensity of light. Here, we report similar results from a large (n = 66), diverse cohort of morning and evening types across the age span studied at all different times of the year. Differences between morning and evening types in light exposure relative to ECP, indicative of a difference in the phase angle of entrainment to the external light/dark cycle, were found. Specifically, evening types, compared to morning types, had a higher ratio of phase advancing to phase delaying by light. We interpret this as indicating a longer circadian period (τ) in evening types.
INTRODUCTION
Chronotype (morningness-eveningness) in humans likely has multiple causes. It has been hypothesized that differences in chronotype are due to homeostatic sleep drive (i.e., accumulation or dissipation of sleep pressure) as well as circadian parameters, such as circadian period and responsivity to zeitgebers. In addition to increased dissipation in some morning types, they may also have more rapid accumulation of homeostatic sleep drive (Mongrain et al., 2005 (Mongrain et al., , 2006 Taillard et al., 2003) . These would be expected to result in earlier wake-and bedtimes in morning types. There is abundant evidence for circadian differences between chronotypes as well: circadian phase has been found to occur about 2 h later in evening types (Baehr et al., 2000; Duffy et al., 1999; Liu et al., 2000; Mongrain et al., 2004) . Although differences in phase could be due to differences in self-selected light/dark cycles, an association between circadian period (τ) and morningness-eveningness has been demonstrated at both a physiological (Duffy et al., 2001 ) and molecular level (Brown et al., 2008) , with evening types having longer periods.
Phase angle of entrainment is defined as the relationship between the timing of the biological clock and the timing of an external time cue (i.e., zeitgeber; see Pittendrigh & Daan, 1976) , and if the primary explanation for morningness-eveningness is circadian, then a difference in phase angle of entrainment to the light-dark cycle would be expected between the two types Pittendrigh & Daan, 1976; Roenneberg et al., 2003a) . Indeed, under the uniform light conditions of the laboratory, a difference in phase angle of entrainment to the light-dark cycle between morning and evening types has in fact been found . Outside of the laboratory, a difference in the timing of the core body temperature rhythm, relative to the timing of sleep, has been found between morning and evening types (Baehr et al., 2000) , as well as correlations between chronotype, defined in this case by the timing of sleep, and the timing of the solar light/dark cycle (Randler, 2008; Roenneberg et al., 2007) and between self-reported outdoor light exposure and the timing of sleep (Roenneberg et al., 2003b ).
More recently, Goulet et al. (2007) assessed light exposure outside the laboratory and endogenous circadian phase (ECP) in 24 young morning and evening types studied between May and September. As expected, the chronotypes differed in their light exposure across the 24 h day. However, no difference between the two groups was found in light exposure relative to phase. Goulet and colleagues (2007) hypothesized that this was due to either insufficient sample size or because only a subset of extreme chronotypes have primarily a circadian cause for their morningness-eveningness. In fact, when they examined only those subjects with the earliest and latest circadian phases (i.e., "non-overlapping" or "extreme" phases), a difference in light exposure relative to ECP was found between the two types, indicating a difference in phase angle of entrainment to the light/dark cycle (Goulet et al., 2007) . We sought to replicate and extend the findings of Goulet and colleagues in a larger and demographically more heterogeneous cohort of subjects studied at all different times of year.
MATERIALS AND METHODS

Subjects
Seventy-one self-identified morning-and evening-type subjects were recruited for study by advertisement. Subjects were included for study if their Horne-Östberg score was ≥59, indicative of moderate to definite morning type, or ≤41, indicative of moderate to definite evening type. Data from sixty-six subjects-47 women and 19 men, 19-64 yrs of age-are reported here (see Table 1 for subject demographics). One subject was excluded because she failed to complete a sleep diary, two subjects were excluded because they failed to wear their actiwatch, and two subjects were excluded because of technical problems with their acti-watch.
All subjects were in good general physical and mental health at the time of study, as verified by physical and psychiatric examination plus EKG and laboratory screening tests. Subjects were not taking any medications that would affect plasma melatonin concentrations. Subjects doing night shift work were excluded, and subjects were not studied within two months of time-zone travel. Thirty-nine (59%) of the subjects were employed, six (9%) were selfemployed, six (9%) were students, and 15 (23%) were unemployed. Subjects (morning = AM/ evening = PM types) were studied in Portland, Oregon (45°, 31′ N) at all times of the year: 7 (3 AM/4 PM) in January, 8 (4 AM/4 PM) in February, 4 (2 AM/2 PM) in March, 3 (1 AM/2 PM) in April, 7 (4 AM/3 PM) in May, 8 (6 AM/2 PM) in June, 3 (1 AM/2 PM) in July, 3 (2 AM/1 PM) in August, 2 (0 AM/2 PM) in September, 5 (3 AM/2 PM) in October, 9 (6 AM/3 PM) in November, and 7 (3 AM/4 PM) in December. All subjects provided written informed consent. The Institutional Review Board of Oregon Health & Science University (OHSU) approved the protocol and the consent forms, and the study conformed to the ethical standards of this journal (Portaluppi et al., 2008) .
Assessment of Sleep and Light Exposure
Subjects were asked to maintain a consistent sleep schedule (±. 5 h) of 8 h in bed for one week. Naps were limited to a maximum of one per day for no more than 30 min and no less than 6 h before bedtime. Caffeine intake was limited to a maximum of two cups of coffee, or caffeine equivalent, before noon. A maximum of one alcoholic drink per day was allowed. During the week, subjects kept a written sleep diary from which average bedtimes, waketimes, midsleep, and sleep duration were calculated, and they wore a wrist actigraph with an integrated light meter on the non-dominant wrist (Actiwatch-L ®, Mini-Mitter Co., Bend, Oregon, USA). Data were collected using a 30 s sampling epoch for a total of seven 24 h periods. Sixty (91%) of the subjects used one of three actigraphs. Four additional actigraphs were used in the remaining six subjects. The same actigraphs were used in morning and evening types. No additional calibration beyond that done by the manufacturer was performed. Subjects were asked to ensure that the actigraph was not covered by clothing and shielded from light.
Light data during periods of wakefulness were edited to remove points that did not correspond with actual light exposure: data were removed during reported naps and periods of wakefulness when no activity was recorded for greater than 15 min (when the watch was presumably off), and any values ≤0.1 lux during periods of wakefulness (when the watch was thought to be inadvertently covered) were removed (Goulet et al., 2007 ). An average of 8.52% of the light data was removed per subject as a result of these procedures. We did not exclude whole days of data because of missing data. Data were base 10 log-transformed [Log 10 (Light intensity +1)], and an average intensity was calculated for each 30 s epoch of the 24 h day. As also done by Goulet and colleagues (2007) , we included light data from across the 24 h day. This was done to be more consistent with the animal literature regarding phase angle of entrainment to the light/dark cycle (Pittendrigh & Daan, 1976) and to avoid excluding potentially relevant light exposure during brief periods of wakefulness during sleep episodes. Even brief periods of ocular light exposure during the night could be relevant, given that they might occur on the most sensitive regions of the light PRC (Czeisler et al., 1989; Khalsa et al., 2003) and what is now known about the sensitivity of the pacemaker to even low levels of light (Wright Jr. et al., 2001; Zeitzer et al., 2000) in the context of dim light or dark adaptation (Chang et al., 2008; Hebert et al., 2002; Jasser et al., 2006; Smith et al., 2004) .
Assessment of Circadian Phase
At the end of the week, subjects were admitted to the Clinical and Translational Research Center (CTRC) at Oregon Health & Science University (OHSU) approximately 7 h before habitual bedtime (Thursday through Saturday evenings). For each admission, blood was sampled every 15 min for 8 h in dim light (≤10 lux) for a high resolution determination of the plasma dim light melatonin onset (DLMO). The DLMO was operationally defined as the interpolated time when levels continuously rose above the threshold of 10 pg/ml (Lewy & Sack, 1989; Voultsios et al., 1997) . This threshold was chosen to allow comparison to previous studies conducted in our laboratory (Lewy et al., 2006) . During each admission, no restrictions were placed on posture, as there do not appear to be any significant effects of posture on the timing of the DLMO . Activity was not controlled with the exception that subjects were not allowed to exercise or sleep during admissions.
Plasma melatonin concentrations were measured by radioimmuno-assay with an antibody raised in the laboratory of Kennaway and coworkers and reagents supplied by American Laboratory Products (Windham, New Hampshire, USA) (Voultsios et al., 1997) . The lower limit of sensitivity of this assay is ≤0.5 pg/ml. This assay was validated by GCMS (Lewy et al., 1997) .
Statistical and Data Analysis
Analyses were conducted with SPSS for Windows (SPSS Inc., Chicago, Illinois, USA), SAS (SAS Inc., Cary, North Carolina, USA), and STATA (StataCorp LP, College Station, Texas, USA). Log-transformed average light data for morning and evening types were binned into six 4 h bins centered at the clock hours of 02:00, 06:00, 10:00, 14:00, 18:00, and 22:00 h, and average values within each bin were obtained for each subject. For a separate analysis, logtransformed light data were also binned relative to the DLMO into six 4 h bins centered 2 and 6 h after the DLMO and 2, 6, 10, and 14 h before the DLMO. The bin size was chosen as a compromise between achieving adequate resolution across the circadian day, and therefore across the light PRC, while also minimizing the risk of type I errors due to multiple comparisons. A single marker of the timing of light exposure (e.g., lights on or lights out) was not used due to the non-uniform pattern of light exposure across the circadian day.
Mixed model analysis (Brown & Prescott, 2003) was used to compare light levels between chronotypes over the time bins. This method allows for correlations between observations on the same individuals and also allows for different variances at different time points. Separate analyses were conducted for light levels relative to DLMO and light levels relative to clock hour. For each analysis, we first examined the interaction between time and morning vs. evening type. Given evidence of interaction, follow-up comparisons were made between evening and morning types separately for each 4 h bin with a Holm adjustment (Wright, 1992) for multiple comparisons. For all analyses, sex and employment status were included as categorical factors, and age and daylength (on the day of circadian phase assessment; see http://aa.usno.navy.mil/data/docs/RS_OneDay.php) were included as continuous covariates. Daylength was included to control for time-of-year effects.
Chi-square analysis was done to compare the employment status and sex in evening and morning types. Analysis of variance (ANOVA) was used to compare bedtime, midsleep, waketime, sleep duration, DLMO clock hour, and the interval (phase angle difference, PAD) between the DLMO and average midsleep time in morning and evening types (see Table 1 ). Sex and employment status were again included as categorical factors and age and daylength were included as continuous covariates. ANOVA was also used to compare daylength in chronotypes, with sex and employment status included as categorical factors and age as a continuous covariate.
All of the above analyses were repeated after the data set had been subdivided, analogous to the method of Goulet and colleagues, into morning and evening types with the earliest and latest phases ("extreme" or "non-overlapping" phases), respectively, and those chronotypes with similar phases ("intermediate" or "overlapping" phases) (Goulet et al., 2007; Mongrain et al., 2004) . To do this, subjects were ranked in order according to the clock hour of the DLMO.
The first consecutive morning types (n = 11) without any interspersed evening types were designated as extreme, as were the last consecutive evening types (n = 10) without any interspersed morning types. The remaining subjects were designated overlapping.
RESULTS
Subjects, on average, were rated as "definite" morning or evening types on the Horne-Östberg questionnaire (see Table 1 , all subjects). There was no difference in sex, employment status, or daylength between chronotypes for either the data set as a whole or when the data were subdivided (see Table 1 ). Morning types were older than evening types, went to bed and woke up about 2 h earlier, and had DLMOs that occurred about 2 h earlier than evening types (see Table 1 , all subjects, and Figure 1a ). There was a significant correlation between the timing of sleep (midsleep) and circadian phase (DLMO) (r = 0.75, p < 0.001). In the overlapping phase group, age differences were no longer significant, there was a smaller (∼1.5 h) but still significant difference in the timing of sleep, and (as expected) there was no significant difference in the timing of the DLMO (see Table 1 , overlapping phases, and Figure 1b ). In the non-overlapping group, age differences were significant; there was a greater (∼3.5 h) difference in the timing of sleep, and an almost 5 h difference in the timing of the DLMO (see Table 1 , non-overlapping phases, and Figure 1c ).
The interval (phase-angle difference, PAD) between the DLMO and average midsleep time was approximately 6 h, and there was no difference between chronotypes (see Table 1 , all subjects, and Figure 1a ; F = 0.002, p = 0.968). There was no effect of age (F = 1.037, p = 0.315), employment status (F = 2.565, p = 0.068), sex (F = 2.296, p = 0.137), or daylength (F = 0.064, p = 0.802) on PAD. Although PAD was longer in women (6:13 ± 1:12 h versus 5:41 ± 1:03 h in men), this was not significant (F = 2.296, p = 0.137). PAD was longest in employed individuals and became progressively shorter in students, self-employed individuals, and unemployed individuals (6:08 ± 1:07 h, 6:04 ± 1:43 h, 6:00 ± 0:52 h, 5:54 ± 1:17 h, respectively), although this also did not quite reach statistical significance (F = 2.565, p = 0.068). There was not a significant interaction between chronotype and either sex (F = 0.429, p = 0.516) or employment status (F = 0.641, p = 0.593) for PAD.
There was a significant chronotype × overlap status interaction for PAD (F = 13.935, p = 0.001). In the overlapping phase group, PAD was about 1 h shorter in morning types (see Table 1 , overlapping phases, and Figure 1b) , while in the non-overlapping group, PAD was almost 1.5 h longer among morning types (see Table 1 , non-overlapping phases, and Figure 1c ).
Light Exposure Relative to Clock Hour
Average light data for morning and evening types plotted according to clock hour are shown in Figure 2a . Mixed model analysis showed a significant interaction between chronotype and clock hour bin (F = 18.99, p < 0.0001). The interaction implies the difference in light levels between chronotypes varies over the time bins. As seen in Figure 2a , follow-up comparisons with the Holm-adjustment for multiple comparisons showed, as expected based on their differences in clock hours of wakefulness, that evening types had higher light levels than morning types during the 4 h bins centered at 22:00 h (t = 6.61, p < 0.001) and 02:00 h (t = 4.52, p < 0.001), while morning types had higher light levels during the 4 h bins centered at 06:00 h (t = 7.07, p < 0.001) and 10:00 h (t = 3.14, p = 0.008). A significant effect of daylength on light level (F = 11.55, p = 0.001) was also found, with longer daylengths associated with greater intensities: each additional hour was associated with an approximate 5% increase in lux. There was no difference in light levels based on chronotype (F = 0.32, p = 0.572) or sex (F = 0.02, p = 0.878). There was a small difference in light levels based on age (F = 4.70, p = 0.034): each additional year was associated with an approximate 0.5% increase in lux.
There was a significant three-way interaction between chronotype, clock hour bin, and overlap status (F = 3.26, p = 0.011), indicating the effect of chronotype on light levels relative to clock hour (time bin) depended upon overlap status. Therefore, the analysis was repeated with the data subdivided into overlapping and non-overlapping subjects (see Figures 2b and 2c) . Among the overlapping subjects, evening types again had higher light levels than morning types during the 4 h bins centered at 22:00 h (t = 5.08, p < 0.001) and 02:00 h (t = 2.75, p = 0.032), while morning types had higher light levels during the 4 h bin centered at 06:00 h (t = 4.93, p < 0.001). Among the non-overlapping subjects, evening types similarly had higher light levels than morning types during the 4 h bins centered at 22:00 h (t = 5.18, p < 0.001) and 02:00 h (t = 5.40, p < 0.001), while morning types again had higher light levels during the 4 h bins centered at 06:00 h (t = 5.11, p < 0.001) and 10:00 h (t = 4.70, p < 0.001).
Light Exposure Relative to Circadian Phase
Average light data plotted relative to the DLMO for all morning and evening types is shown in Figure 3a . A significant interaction was found between chronotype and time relative to DLMO bin (F = 4.24, p = 0.002). Morning types, compared to evening types, had higher light intensities in the early biological evening; a significant difference in light levels was found between chronotypes only in the bin 0-4 h before the DLMO (t = 2.85, p = 0.036; see Figure  3a ). There was again a significant effect of daylength on light levels (F = 20.42, p < 0.001): each additional hour was associated with an approximate 5% increase in lux. There was no difference in light levels based on chronotype (F = 0.81, p = 0.371), age (F = 0.52, p = 0.474), sex (F = 1.44, p = 0.236), or employment status (F = 0.83, p = 0.483).
There was a significant three-way interaction between chronotype, time relative to DLMO bin, and overlap status (F = 6.97, p < 0.001), indicating that the effect of chronotype on light levels relative to the DLMO (time bin) depended upon overlap status. Therefore, the analysis was repeated with the data subdivided into overlapping and non-overlapping subjects (see Figures  3b and 3c) . Among the overlapping subjects, evening types had slightly higher light levels in the biological night: a small but significant difference was found between chronotypes in the bin 0-4 h after the DLMO (t = −3.39, p = 0.001; see Figure 3b ). Among the non-overlapping subjects, differences were found among all bins except during the late biological morning, the bin 8-12 h before the DLMO. Morning types had greater light levels in the biological afternoon and evening, the bins 0-4 and 4-8 h before the DLMO and 0-4 h after the DLMO (see Figure  3c ). Evening types had greater light levels during in the late biological night and biological morning, the bins 4-8 after and 12-16 h before the DLMO (see Figure 3c ).
DISCUSSION
In a large cohort of morning and evening types, we have found a difference in the timing of ambulatory light exposure relative to circadian phase. This replicates and extends the findings of Goulet and colleagues (2007) with the inclusion of a broader age range and more heterogenous demographic mix of morning and evening types as well as assessments conducted at all times of year. Our data further indicate that there is a difference in phase angle of entrainment to the light/dark cycle (i.e., a difference in the timing of the clock relative to the timing of light) between the two groups under everyday conditions, similar to what has been found in the laboratory . We interpret this as indicating a longer τ in evening types, consistent with what has been reported previously in animal and human studies (Pittendrigh & Daan, 1976; Wright Jr. et al., 2005) .
Light Exposure Relative to Clock Hour
As expected, based on past literature (Goulet et al., 2007; Roenneberg et al., 2003b Roenneberg et al., , 2007 , we found morning types had higher light levels in the morning, while evening types had higher light levels in the evening and night, in keeping with the fact that the timing of sleep and wakefulness was about 2 h earlier in morning types (see Figure 2a) .
Light Exposure Relative to Circadian Phase
When we plot light exposure data relative to circadian phase, as done by Goulet and colleagues (2007) , the two profiles overlap across much of the biological day and night (see Figure 3a) . The one exception occurs in the 0-4 h before the DLMO. Morning types had higher light levels later in the biological day (see Figure 3a) despite having lower light levels late in the 24 h day (see Figure 2a) .
In trying to understand this pattern of light exposure, it is helpful to review the variables that contribute to maintaining stable entrainment. Steady-state entrainment to the 24 h day occurs when the tendency for phase to drift to a later (or earlier) time due to the non-24 h τ is balanced by the net effect of daily phase shifts Pittendrigh & Daan, 1976; Roenneberg et al., 2003a) : the longer the τ, the greater the ratio of phase advances to phase delays necessary to maintain entrainment; the shorter the τ, the smaller the ratio. During steadystate entrainment, the phase angle of entrainment depends upon how much τ differs from 24 h, the strength of the relevant zeitgeber(s), and an individual's responsivity to the relevant zeitgeber(s), the latter two constituting what is termed coupling strength (Gronfier et al., 2007; Pittendrigh & Daan, 1976; Moore-Ede et al., 1982) .
Given the correlation between τ and chronotype (Duffy et al., 2001) , it is logical to hypothesize that evening types have longer periods than morning types, and that they require a greater ratio of phase advances to phase delays to maintain entrainment. Our data confirm a corresponding pattern of light exposure across the circadian day in all chronotypes (see Figure 3a) . Evening types had the same amount of light exposure on the advance zone of the light phase-response curve (PRC) (see Figure 3a) but had less light exposure on the delay zone (i.e., 0-4 h before the DLMO) (Czeisler et al., 1989; Khalsa et al., 2003; Shanahan et al., 1999) . Therefore, evening types had a greater ratio of phase advances to phase delays, presumably due to their longer τ. These results are consistent with measurements of phase angle of entrainment in morning and evening types under the uniform light conditions in the laboratory . Furthermore, our data replicate the finding of Goulet and colleagues (2007) that this pattern of light exposure is explained by those morning and evening types with more "extreme" phases who presumably have mainly a circadian explanation for their chronotype. Among chronotypes with extreme or non-overlapping phases (see Figure 3c) , evening types had more light exposure on the advance zone of the PRC, 12-16 h before the DLMO, and less light exposure on the delay zone of the light PRC, 0-4 h before and 0-4 h after the DLMO. Therefore, the nonoverlapping evening types had an even greater ratio of phase advancing to phase delaying light, again consistent with the hypothesis that evening types have a longer τ.
Although we also found that non-overlapping evening types had greater light levels during part of the phase delay region, 4-8 h after the DLMO, and lower levels during part of the phase advance region, 4-8 h before the DLMO, we think the net effect is still a higher ratio of phase advancing to phase delaying light in these evening types. The ratio of mean log-lux in the three phase advance zone bins 4 to 16 h before the DLMO to the mean log-lux in the three phase delay zone bins 4 h before to 8 h after the DLMO (Figure 3c ) was greater in the non-overlapping evening versus morning types (2.68 versus 1.79, F = 15.994, p = 0.003). Of note, this ratio was not significantly different in the overlapping types: 2.42 and 2.66 in the evening and morning types, respectively (F = 3.601, p = 0.067). Of course, this division of the circadian day into single phase-delay and phase-advance regions is an oversimplification; the magnitude of phase shifts varies across the circa-dian day (Khalsa et al., 2003) . When we examine just those bins corresponding to the greatest phase advances (i.e., 12-16 h before the DLMO; see Figure 3c , white arrow), and phase delays (i.e., 0-4 h after the DLMO; see Figure 3c , black arrow) in non-overlapping chronotypes, the ratio of phase-advancing to phase-delaying light exposure is even higher in evening types, although it is no longer significant (4.49 in evening types and 0.51 in morning types, F = 1.990, p = 0.192).
It should be acknowledged that our data could also be explained by greater sensitivity of evening types to the phase-delaying effects of evening light and/or less sensitivity to the phaseadvancing effects of morning light, and/or the converse in morning types-that is, differences in coupling strength. This would explain the tendency in evening types for a later phase as well as the decreased "need" for light exposure on the phase-delay region or increased "need" for light exposure on phase-advance region of the light PRC that we observed. Of course, differences in τ and coupling strength are not mutually exclusive.
Tau is greater than 24 h in most humans (Burgess & Eastman, 2008; Czeisler et al., 1999; Duffy et al., 2001 ). Accordingly, we might expect an average pattern of light exposure in most individuals that is slightly biased toward the phase-advance region of the light PRC, which would offset the tendency for phase to delay to a later time (see Figure  3 ) (Czeisler et al., 1989; Khalsa et al., 2003; Shanahan et al., 1999) . Indeed, as noted above, we found the ratio of phase-advancing to phase-delaying light was greater than a value of one in both chronotypes, indicating a bias toward the phase-advance zone. However, we acknowledge that a significant minority, approximately 25%, of sighted subjects have been shown to have periods <24 h, that they would therefore require a pattern of light exposure biased toward the phase-delay region, and that a disproportionate number of these individuals might be expected to be morning types Duffy et al., 2001) . Further analysis of the light data may indicate which morning types not only have short circadian periods but also have periods <24 h.
Relationship between Circadian Phase and Sleep
In many human studies, the phase angle of entrainment has been measured using the time interval between circadian phase and some measure of sleep timing, typically sleep onset, sleep offset, or midsleep (Baehr et al., 2000; Duffy et al., 1999; Liu et al., 2000; Mongrain et al., 2004) . However, such a measure is valid only to the extent that the timing of sleep accurately reflects the entraining light/dark cycle . Differences in light exposure across the day may make sleep an inadequate proxy for light. We could not demonstrate a difference between all chronotypes in the timing of sleep relative to phase: although sleep occurred later relative to the DLMO in evening types compared to morning types, this difference was small and statistically insignificant (see Table 1 , all subjects, and Figure 1a ). However, differences were found when the data were subdivided. Among chronotypes with overlapping or intermediate phases, the habitual timing of sleep occurred earlier relative to phase (shorter PAD) in morning types (see Table 1 , overlapping phases, and Figure 1b) , while among chronotypes with non-overlapping or extreme phases, the habitual timing of sleep occurred later relative to phase (longer PAD) in morning types (see Table 1 , non-overlapping phases, and Figure 1c) . This replicates what has been found in young men and women (Goulet et al., 2007; Mongrain et al., 2004 ) studied under similar non-uniform light conditions. In comparison, studies under uniform light conditions have found the habitual timing of sleep occurred later relative to phase in young male morning types, similar to the non-overlapping or extreme phase chronotypes (see Table 1 and Figure 1c) but opposite of the overlapping or intermediate phase chronotypes (see Table 1 and Figure 1b) .
One elegant explanation for differences in the timing of sleep relative to circadian phase, both within and between studies, has been proposed by Mongrain and colleagues (2004) and is consistent with our findings. They hypothesized that morning and evening types may be divided into those with primarily a circadian versus those with primarily a homeostatic sleep-drive component to their chronotype. In one subset of morning and evening types (that is, those with extreme phases, as in Figure 1c ), they demonstrated differences consistent with a circadian explanation for chronotype. Evening types had a greater ratio of phase-advancing to phasedelaying light that presumably offset their greater tendency to phase delay, and phase occurred later relative to the habitual timing of sleep, reflecting the longer (more negative) phase angle of entrainment expected with a longer circadian period (Goulet et al., 2007; Mongrain et al., 2004; Moore-Ede et al., 1982) . In another subset of chronotypes (that is, those with intermediate phases, as in Figure 1b) , they demonstrated differences consistent with a homeostatic explanation. Morning types had higher decay rates in slow wave activity and awoke at an earlier circadian phase, presumably reflecting a more rapid dissipation of the homeostatic sleep-drive (Mongrain et al., 2004 (Mongrain et al., , 2006 .
The different findings may also be due to the different patterns of light exposure in the laboratory versus the field. Duffy and colleagues (1999) studied subjects after three days of L:D 16:8 at 150 lux:<0.03 lux. Under these conditions, the timing of the sleep/wake and light/ dark schedules is the same, and light intensity is uniform across the day. Although this provides the most valid measure of phase angle of entrainment to the light-dark cycle, it has been shown to alter the timing of phase relative to sleep. Wright and colleagues (2005) demonstrated the interval between the melatonin onset and habitual sleep time/darkness onset changed after subjects were subjected to two-five days of uniform light exposure of 150 or 450 lux during the day. Circadian phase shifted later despite the fact the timing of light as well as ratio of the duration of light to darkness was the same as it had been in the outside world. This may have been due to a relative increase in evening (phase-delaying) light exposure and/or a relative decrease in morning (phase-advancing) light exposure under the uniform light conditions of the laboratory (150 or 450 lux). Therefore, the timing of sleep relative to phase measured following uniform light conditions is primarily a measure of the phase angle of entrainment to the unique light/dark cycle of the laboratory and might differ from the timing of sleep relative to phase in the natural environment.
Finally, differences in the timing of sleep relative to phase between chronotypes may also be due to complex age, sex, and imposed schedule effects. Although an association between age and chronotype has long been known to exist (see, e.g., Tonetti et al., 2008) , the circadian component of chronotype has been found to be muted with age. Circadian period correlates with diurnal preference and phase in young subjects but not older ones (Duffy & Czeisler, 2002) . Although Duffy et al. (1999) found the habitual timing of sleep occurred later relative to phase in young male morning types, it was earlier relative to phase in older male and female morning types-a pattern more consistent with the homeostatic relationship described by Mongrain et al. (2004 Mongrain et al. ( , 2006 . We included age in all of our models, but we did not find a significant correlation between age and PAD. Sex should also be considered, as several studies have found the habitual timing of sleep occurs later relative to phase in women (Baehr et al., 2000; Campbell et al., 1989; Mongrain et al., 2004) . Although there was a tendency for sleep to occur later relative to phase in women (longer PAD), this was not significant when we controlled for multiple covariates (age, daylength, overlap status, and employment status). If sex differences do exist in the timing of sleep relative to circadian phase, they could be due to differences in either homeostatic sleep-drive or circadian parameters (i.e., period or responsiveness to zeitgebers). No sex differences have been found in homeostatic sleep-drive (Armitage et al., 2000; Mongrain et al., 2005) , suggesting the sex differences that have been found may be circadian in etiology; females may have a shorter τ and/or may be more responsive to environmental time cues. The effects of schedule constraints may also be a factor (Leonhard & Randler, 2009; Roenneberg et al., 2003b) . To roughly control for photoperiod, we required subjects to keep a regular sleep/wake schedule of their choosing for a week (Goulet et al., 2007) . To accomplish this, it is likely that both types kept more of a "work day" schedule on their "free days," and because evening types tend to shift the timing of sleep later on "free days" more than morning types, this probably resulted in a greater change in sleep timing from baseline for the evening types (Roenneberg et al., 2003b) . Furthermore, the majority of our subjects had some constraints on their schedule either because they were employed or were students.
LIMITATIONS
We did not measure ocular light exposure directly. Although we attempted to account for obvious instances where the light sensor was covered, more subtle instances might persist in the data set. Moreover, our results do not adequately take into account the shape of the light PRC or dose-response curve. We did not measure the spectral composition of the light, and it is likely that the type of light exposure (artificial versus natural) varied across the day. Although no difference was found in the timing of sleep relative to phase, polysomnography was not obtained, and, therefore, no conclusions can be made about differences in homeostatic sleepdrive between the two groups. Furthermore, our subdivision of subjects into overlapping and non-overlapping categories is somewhat arbitrary, as it was based solely on the clock hour of the DLMO, and it is conceivable that subdivision of the dataset using different criteria would yield different results.
It should be acknowledged that the timing of light exposure is gated by the timing of sleep and a host of demographic variables (e.g., employment status), and that non-circadian differences between chronotypes could have caused the different patterns of light exposure across the 24 h day (see Figure 2) (Monk et al., 2004; Roenneberg et al., 2003b) . However, we do not think this invalidates our conclusions about the phase angle of entrainment, as our primary aim was to determine the steady-state relationship between ECP and the timing of light exposure across the circadian day (Figure 2) , regardless of the reasons for a particular pattern of light exposure. According to fundamental circadian theory, any differences in the timing or intensity of light exposure, for whatever reason, would result in a different phase angle of entrainment in such a way that entrainment was maintained (Roenneberg et al., 2003a) . This difference in phase angle of entrainment should be solely dependent upon differences in τ and coupling strength between the pacemaker and the relevant zeitgeber(s).
CONCLUSIONS
We have demonstrated that evening compared to morning types have a higher ratio of phaseadvancing to phase-delaying light, indicative of a difference in phase angle of entrainment between the two groups. We interpret this as indicating a longer circadian τ in evening types. Further work determining whether chronotypes are differentially sensitive to the resetting effects of light is indicated. Light exposure in morning types (open squares) and evening types (closed squares) plotted relative to clock hour. The average log-transformed light data are plotted and binned into six 4 h bins. Results are presented for (A) the entire data set, (B) subjects with overlapping phases, and (C) subjects with non-overlapping phases. Error bars represent the standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.0001. Light exposure in morning types (open squares) and evening types (closed squares) plotted relative to the 10 pg/ml dim light melatonin onset (DLMO). The average log-transformed light data are binned into six 4 h bins. Results are presented for (A) the entire data set, (B) subjects with overlapping phases, and (C) subjects with non-overlapping phases. The approximate timing of maximal phase advances and phase delays are indicated by white and black arrows, respectively. Error bars represent the standard error of the mean. *p < 0.05, **p < 0.01. 
